Cable-driven parallel robots (CDPRs) can provide a high speed and a heavy payload in a large workspace. The main challenge of the CDPRs stems from the dynamic control, in which all the cables must coordinate with each other to remain in tension, and the cabledriven form may lead to model uncertainties. To solve it, the second-order sliding mode (SOSM) is combined with the multicable synchronization idea to propose a new SOSM-based synchronization control (SOSM-SC) strategy for the CDPRs. The goal of the cross-coupled control approach is to improve the synchronization motion relationship between all the cables and guarantee better trajectory tracking control, whereas the SOSM can restrain the model uncertainties and external disturbances. The Lyapunov theory is utilized to prove the asymptotic stability of the closed-loop control system of CDPRs. Trajectory tracking experiments indicate that compared with the existing synchronization control strategy and the augmented proportional-derivative strategy, the proposed SOSM-SC strategy significantly reduces the cable tracking error and the cable synchronization error, and ultimately improves the control accuracy for the mobile platform. The tracking experiments of the antidisturbance indicate that the SOSM-SC strategy can retain good tracking accuracy under external disturbances.
I. INTRODUCTION
C ABLE-DRIVEN parallel robots (CDPRs) use flexible cables instead of rigid links to manipulate the mobile platform. One side of each cable is driven with the winch controlled by an actuator, and the other side is linked to the mobile platform. The pose of the mobile platform in the task space is adjusted by changing the cable lengths. Compared with the traditional parallel robots with the rigid links, CDPRs have numerous advantages, such as a large workspace, heavy loading ability, and high speed [1] , [2] . These advantages endow CDPRs with outstanding performance in many applications, e.g., three-dimensional (3D) printing, rehabilitation training, large structure painting, building construction, teleoperation, and sport camera systems [3] - [6] . However, the cable-driven structure also introduces significant challenges to the dynamic control of all types of CDPRs [7] , [8] . The unidirectional property of the cable tension requires that all cables must be taut during the whole motion process [9] , [10] . Otherwise, the cable relaxation may cause a large tracking error of the mobile platform [11] and, even worse, the structural failure of CDPRs. To solve these problems, researchers have developed a series of dynamic control strategies for CDPRs.
The existing dynamic control strategies for CDPRs are mostly developed from the conventional PID controller. Khosravi and Taghirad [12] proposed a robust PID control strategy for fully constrained CDPRs, in which the simple PID controller and the internal force compensation are combined. Kawamura et al. [13] developed a PD control strategy involving the internal force and gravity feedback in the cable-length space. Fang et al. [14] designed a novel feedforward control strategy with tension optimization to compensate for the dynamic model in the cable-length space. Zhang et al. [15] developed an augmented proportional-derivative (APD) control strategy with tension detection and compensation for the mobile platform to enhance the control accuracy. However, the complexity of the drive winches for cables often introduces model uncertainties to the dynamic model of CDPRs [16] . The aforementioned strategies strongly depend on the accuracy of the dynamic model and are not robust to the external disturbances and model uncertainties caused by the circumstance variations, system complexity, and purposeful simplification of the system dynamics [17] , [18] .
There are many methods for dealing with uncertainties, for example, adaptive strategies [19] - [21] . Among these strategies, sliding-mode control (SMC), which is derived from variable structure control [22] , is an efficient method for coping with uncertainties and enhancing robustness and has been widely adopted in the presence of different model uncertainties [23] - [25] . El-Ghazaly et al. [26] presented an extended adaptive control strategy employing an SMC to achieve robust and high-precision tracking performance of CDPRs. Babaghasabha et al. [27] proposed an adaptive SMC strategy for the CDPRs involving the adaptive estimation of the upper bounds of the uncertain model. This strategy does not need the parameterized forms of the kinematic model or dynamic model in advance. Moreover, in the dynamic control of traditional robots, an SMC is combined with the other advanced control strategies to solve problems, such as time delay [28] , system failure [29] , and uncertain kinematics and dynamics [30] , [31] . However, the traditional SMC strategies often produce a chattering effect caused by the high-frequency oscillation of actuator inputs [32] , [33] , and this phenomenon reduces the lifecycle of the actuators. The nonideal sliding-mode strategy was proposed to alleviate the chattering, but the chattering is eliminated at the cost of losing precision [17] . Higher order sliding mode (HOSM) strategies, by confining the high-frequency oscillating term to the higher order time derivative of the control variable, can alleviate the chattering effect without losing precision [34] , [35] . After a transient phase (also called the "reaching phase," during which the robustness cannot be assured and the duration time cannot be predicted), the HOSM strategies can maintain the sliding variable and its time derivative up to the ρ-1 order on the sliding-mode (called the ρ-sliding mode) surface. Owing to their continuous nature and relatively simple structure, second-order sliding mode (SOSM) approaches in the HOSM have been applied to the electromechanical systems [36] . By selecting the nonlinear coefficients of the time-variant sliding surface, Zheng et al. [37] proposed an SOSM approach for a small quadrotor to eliminate the chattering effect. Ferrara et al. [38] developed a suboptimal SOSM approach to alleviate the chattering effect and assign the transient performance for robotic manipulators to keep the reaching phase coherent with the desired transient time. Abdelhedi et al. [39] combined the SOSM approach with the cross-coupled control technology to coordinate a group of robotic manipulators, and the new approach could restrain unknown disturbances and avoid the chattering effect. The foregoing research results confirm that the SOSM approach is suitable for robotic manipulators to eliminate the chattering effect and enhance the robustness. Therefore, the SOSM approach can also be introduced to CDPRs to deal with model uncertainties and external disturbances.
For CDPRs, a large cable tracking error (CTE) may be caused by cable relaxation [40] , [41] . One of the effective ways to restrict the cable relaxation is the synchronization control (SC) strategy for CDPRs. In contrast to most other current control strategies for CDPRs, in which the SC is omitted (with the exception of [42] ), we develop an SC strategy to improve the multicable synchronization behavior and avoid cable relaxation. The main objective of SC is to coordinate the motion control of complex systems with multiple degrees of freedom (DOFs), chains, or subsystems [43] , [44] , rather than to focus on the robust performance, for restraining model uncertainties. Among the current control strategies for CDPRs, few have considered robustness and adopted a sliding-mode strategy [26] , [27] . Compared with these works, the present article introduces the SOSM strategy as an alternative to the traditional SMC methods for enhancing the robustness and avoiding the tradeoff between chattering and the precision loss.
To develop a control strategy for CDPRs that can simultaneously improve the synchronization behavior and robustness, this work proposes a novel SOSM-based SC (SOSM-SC) strategy. Accordingly, the contributions of this article can be summarized as follows.
1) The SC strategy is designed to improve the multicable synchronization behavior and ensure that all cables can coordinate with each other well during the tracking of the trajectories and avoid cable relaxation. With better cable synchronization behavior, better tracking precision is ensured. 2) The SOSM strategy is developed to improve the robustness of CDPRs so that it can cope with uncertainties and external disturbances, and get a good tracking precision in a disturbed environment. Moreover, the SOSM strategy confines the high-frequency oscillation term to the higher time derivative of the control variables. Thus, it can circumvent the tradeoff of the traditional SMC between chattering and the precision loss, and be more suitable for CDPRs. We first analyze the dynamics of the cable winches and the mobile platform, and then establish the overall dynamic model for CDPRs. According to the multicable driven structure of CDPRs, the cable synchronization error (CSE) is defined to describe the multicable synchronization motion. With the CSE and the CTE, the cable-coupled error is formulated in the proportional-integral form. With the proportional-differential form of the coupled error, a combined error is defined, and then adopted as the sliding variable of the SOSM. The sliding surface of the SOSM is then designed to ensure that the sliding variable approaches zero with good smoothness during the control process. Further, a differential term of the sliding variable is introduced to improve the rapidity of the response to the error variation, and a proportional term related to the deviation of the CSE is introduced to enhance the synchronization performance for CDPRs. By using the foregoing elaborate design, we develop a new SOSM-SC strategy with the real-time tension compensation for the mobile platform and dynamic compensation for the cable winches. The Lyapunov method is used to verify that the proposed SOSM-SC strategy can ensure the convergence to zero of both the CTE and the CSE. The new strategy is then applied to an actual 3-DOF CDPR to track a multisegment line and a planar circle. Compared with the SC strategy presented in [42] , the SOSM-SC strategy can eliminate the CTE and the CSE simultaneously and significantly enhance the control accuracy for the mobile platform. Compared with the APD and SC strategies, the total CTE of the SOSM-SC strategy is reduced by 78.5% and 71%, respectively, in a multisegment linear trajectory, and the total CSE is reduced by 81.7% and 53.8%, respectively. In a circular trajectory, the total CTE is reduced by 76.1% and 57.7%, respectively, and the total CSE is reduced by 82.1% and 64.4%, respectively. Experimental results for the antidisturbance indicate that compared with the APD and SC strategies, the SOSM-SC strategy retains better robustness in the presence of sinusoidal torque disturbances during the trajectory tracking.
The rest of this article is organized as follows. In Section II, the kinematic model and dynamic model of CDPRs are formulated. In Section III, the CTE, CSE, cable coupled error, and combined error are described. In Section IV, the SOSM-SC strategy is proposed, and the convergence of the CTE and CSE is proven. In Section V, tracking control results for two different trajectories are presented, and two antidisturbance experiments are performed on an actual 3-DOF CDPR platform. The experimental results are compared with those for the existing SC strategy. Finally, Section VI concludes this article.
II. KINEMATIC AND DYNAMIC MODELING
As the modeling methods for CDPRs have been widely studied [42] , [45] , our main objective is to give an overall dynamic model describing the winch dynamics and the mobile platform dynamics for general CDPRs. A sketch of a general n-DOF CDPR driven by m cables is shown in Fig. 1 . In general, compared with the mobile platform, the cable is very light, and each cable can be regarded as a massless and straight link. Additionally, with proper selection of the material of the cables, the cable elongation can be neglected when the mass of the mobile platform is not excessive. In Fig. 1 , the coordinate O-xyz is established on the base, and the coordinate P-xyz is established on the mobile platform. The pose of P-xyz with respect to O-xyz can be defined by the vector X = [ x y z α β γ ] T .
The cable-length vector q can be expressed as
where q 0 is the initial cable-length vector, θ is the actuator angle vector, and N = diag( n 1 , n 2 , . . . , n m ) is the transmission ratio. Differentiating (1) yields the velocity relationship between the cable and the actuator aṡ
According to the standard Lagrange modeling method, a general dynamic model for the mobile platform can be formulated as [42] 
where J is the Jacobian matrix, T is the cable-tension vector, M(X) and C(X,Ẋ) are the inertia matrix and the Coriolis and centrifugal matrix, respectively, and G is the gravity vector.
From the structure analysis in [42] , the winch dynamics can be obtained as follows:
where the matrices I mt , F vt , and F ct represent the inertia, viscous friction, and coulomb friction, respectively, and u represents the torque vector of the actuators. Considering the ratio relationship described in (2), the winch dynamics (4) can be further expressed with the cable vector as
where
Here, N −1 is the inverse matrix. Owing to the properties of the inertia and friction, the parameters in (5) are all positive-definite. By combing the mobile platform dynamics (3) and the winch dynamics (5), we obtain the overall dynamic model of the CDPRs as follows:
where J −1 is the inverse matrix.
III. DEFINITIONS OF DIFFERENT ERRORS
In general, synchronization error is useful in defining synchronization motion relationships and designing the SC strategies for multiDOF motion systems. Previous studies [46] - [49] indicate that when the synchronization error is introduced, the control accuracy is enhanced. In this section, in addition to the CTE, the CSE between adjacent cables is defined. The CSE contains the motion information from each cable and its adjacent one. When every CSE is eliminated (reduced to zero), all the cables achieve perfect synchronization motion without internal fighting. Therefore, the control performance of the CDPRs is significantly improved by considering the CSE.
The CTE e i of the ith cable can be defined as
where q d i and q i are the desired length and actual length, respectively, of cable i. Thus, the CTE vector e can be expressed as
where the vector q d indicates the desired lengths of the cables.
The CSE e s i for a CDPR system with m cables can be defined as
The CSE vector e s can be expressed as e s = e s 1 e s 2 · · · e s i · · · e s m T .
To keep the CTE e i and the CSE e s i converging to zero, the coupled error e c i can be formulated as follows:
where the coupled parameter d i is a positive constant describing the coupling extent of the ith axis with the neighboring one and need to be tuned in the experiment. The deviation vector c of the CSE for all the adjacent cables is defined as 12) and the vector form of (11) can be expressed as
Differentiating (13) yieldṡ
A new variable-the combined error vector z-is then defined by combining the coupled error e c and its velocity variablė e c as
where Λ = diag(λ 1 , λ 2 , . . . , λ m ) is a positive-definite matrix. Similarly, the velocity variable of z can be obtained aṡ
IV. DESIGN OF SOSM-SC STRATEGY FOR CDPRS
The control performance of dynamic control strategies often depends on the modeling precision of CDPRs. In the real world, it is difficult to construct a precise mathematical model for CDPRs having time-variant parameters, nonlinear properties, and structural uncertainties. With the traditional SMC method, which can have an exponential reaching law [50] , it is very simple to realize robust control of CDPRs with uncertainties. However, the chattering caused by the switching term in the traditional SMC generates high-frequency oscillation in the control process. The nonideal sliding-mode methods have been proposed to alleviate the chattering, but they may be faced with the tradeoff between chattering and precision [17] . Thus, the SOSM method is designed based on an auxiliary system that can be associated with the CDPRs through the combined error.
The auxiliary system can enhance the order of the sliding-mode system by adding an integrator to the switching term and can ensure the smoothness of the controlled system dynamics.
To connect the CDPRs and the auxiliary system, we define the combined error vector as the sliding variable:
The control objective is to letṡ track the auxiliary vector σ. Then, the auxiliary system can be designed as follows:
where a 0 and a 1 are positive constants. Further, (18) can be formulated in matrix form aṡ
, and the scalars s i and σ i represent the ith elements in vectors s and σ, respectively. Φ is a Hurwitz matrix; thus, the auxiliary system has a globally stable point at the origin of the phase plane. Further, according to the property of the Hurwitz matrix, there exist two positive-definite matrices P and Q satisfying
In (18), the switching-term vector vcan be defined as follows:
where v 0 is a positive constant, and w is designed to determine the sign of the vector v. The switching term is designed to ensure that the sliding variable can remain on the sliding surface when there are uncertainties in the controlled system. By formally solving σ =ṡ for the auxiliary system (18), the SOSM control law can be developed as follows:
Substituting (14) into (22) yields
Further, substituting (5) into (23) yields
The explicit form of the control variable u can be expressed as
Thus, the SOSM control law (25) can ensure that the sliding variable remains on the sliding surface during the control process.
Although the SOSM can achieve good smoothness and robustness, it has little contribution to the rapid response to error variations. Thus, a differential term of the sliding variable is introduced to improve the system rapidity as
where K v = diag{k v1 , k v2 , . . . , k vm } is a positive-definite matrix. To further improve the synchronization performance, a proportional term related to the deviation of the synchronization error is added, and the SOSM-SC law for CDPRs is expressed as
where K c = diag{k c1 , k c2 , . . . , k cm } is a positive-definite matrix. The added term K c c can tune the proportion between c and its time derivativeċ to ensure good synchronization behavior. The vector I m (q d + Dċ + Λ(ė + Dc) − σ) represents the torque calculated with the reference acceleration generated by the SOSM strategy. The terms F vq and F c sign(q) are adopted to compensate for the friction in the joint, and N T represents the torque of the cable tension. The terms K c c and K vż are used to ensure the fast convergence of the errors. The closed-loop control diagram of the SOSM-SC strategy is shown in Fig. 2 . Next, we prove the asymptotic stability of the closed-loop system controlled by the SOSM-SC law (27) with the Lyapunov method and Barbalat's Lemma.
Theorem 1: The SOSM-SC law expressed in (27) can ensure the asymptotic convergence to zero of the CTE and the CSE of CDPRs, i.e., e(t) → 0 and e s (t) → 0 as t → ∞.
Proof: Substituting the SOSM-SC law (27) into the overall dynamic model (6) yields the closed-loop system equation as
The Lyapunov function candidate can be selected as follows:
To simplify the proof, the Lyapunov function in (29) can be divided into two parts as
Differentiating the two parts in (30) yieldṡ
First, consider (31a). Substituting (19) into (31a) yieldṡ
By substituting (20) and (21) into the first and second terms of (32), respectively, the following is obtained aṡ
Considering that Q is a positive-definite matrix and v 0 is a positive constant,V 1 is negative-definite.
Second, considering (31b), substituting the closed-loop system (28) into (31b) yieldṡ (34) where s T K c c can be expressed as
According to (11)
(36) Substituting (36) into (35) yields the following: Further, substituting (37) into (34) yieldṡ
Considering (33) and (38) , the following is obtained aṡ
As indicated by (29) and (39), S i , z, e s , and t 0 c(w)dw are all bounded, and c is bounded according to (12) . Additionally, the definition of S i indicates that σ and s are bounded. Because c is bounded,ż is bounded, according to (28) . Thus, z is uniformly continuous, and z → 0 as t → ∞, on the basis of the Barbalat's Lemma. Thus, e c → 0 andė c → 0 as t → ∞, according to (15) . Hence, e andė are bounded according to (13) and (14) . e is uniformly continuous, and e → 0 as t → ∞, according to Barbalat's Lemma. From the definition of e s in (9) and (10), one can conclude that e s → 0 as t → ∞.
V. EXPERIMENTAL RESULTS

A. Experimental Setups
The proposed SOSM-SC strategy was implemented on a 3-DOF CDPR platform, as shown in Fig. 3 . The main parts of the CDPR included a 1.7 × 1.7 × 2 m 3 cuboid aluminum alloy frame, a mobile platform, three flexible cables, and three drive units. Each drive unit consisted of a winch unit, a planetary reducer, a servomotor, and an optical encoder. Three flexible cables were driven by three winch units, and they met at the top of the mobile platform with a mass of almost 2.8 kg. Although the installation frame may affect the control performance [51] , for our CDPR, the maximal design load of the frame is 100 kg, which is much larger than the actual load, and thus, the effect of the frame to the control performance can be neglected. Additionally, three microtension sensors were connected with the three flexible cables to obtain the actual cable tensions. Details regarding the hardware setups are presented in Table I . The control laws were programmed in C++, and they were implemented on an industrial personal computer with a 3.3-GHz Intel central processing unit under a control and sampling cycle of 2 ms. We adopted the first order backward difference to discretize the system to achieve good numerical stability. To eliminate the effect of noise on the system, we adopted a Butterworth filter to remove the noise in the signals of the encoders and tension sensors.
The parameters of the dynamic model of the 3-DOF CDPR were identified using the least-squares (LS) method. The linear parameterization expression of the dynamic model parameters is as follows: (40) where the vector ϕ comprises nine parameters of the dynamic model of the winches, i.e.,
and Y (θ,θ) consists of the motion variables. The parameter vector ϕ can be estimated using (40) by applying the LS method. Equation (40) can be reformulated into the LS form as
where Z represents a 3r × 1 measurement vector of τ = u − N T , Y represents a 3r × 9 observation matrix, and ρ represents a 3r × 1 error vector. Here, r indicates the amount of data points. If all the parameters in ϕ are independent of each other, the matrix Y is of full rank. Then, the LS result is obtained as
A circular trajectory was adopted as the excitation trajectory. The center of the circle was (x = 0.3 m, y = 0.3 m), and the radius was 0.1 m in the z = 1 m plane. The exciting trajectory was implemented using the PD controller, and the necessary data were recorded and transmitted for identification. The identification results were as follows: I m = diag(0.0019, 0.0019, 0.0021),
F v = diag(0.1417, 0.1114, 0.1578), and F c = diag(0.2729, 0.2570, 0.2558). In our experiment, the transmission ratio was N = diag(0.3, 0.3, 0.3).
B. APD Strategy
The APD strategy is widely adopted in the control of CD-PRs; thus, it was selected for comparison. The APD strategy is expressed as follows: (44) where K p and K v are symmetric positive-definite constant gain matrices, and T is the real-time tension measured by tension sensors and converted into the standard 0-10 V voltage signals by transmitters. The voltage signals were obtained through a data-acquisition card and processed by a Butterworth filter in the program.
Researchers have proposed numerous methods to identify the optimal control parameters [52]- [55] . In this article, we employed the widely used trial-and-error method to tune all the control parameters. The tuning procedures are summarized as follows: first, let the value of K v be zero, and increase the value of K p from zero until the system exhibits a slight oscillation. Second, keep the K p value tuned well in the first stage, and increase the value of K v to improve the dynamic performance. Third, regulate finely the two aforementioned values, and make tradeoffs between K p and K v . In our experiment, the APD parameters were tuned as follows: K p = diag (15, 15, 15) and K v = diag(0.5, 0.5, 0.5).
C. SC Strategy
The SC strategy [42] has significantly better control accuracy than the traditional APD strategy. Thus, the SC strategy was implemented for comparison with our SOSM-SC strategy. The control law of the SC strategy is as follows [42] :
Moreover,q r andq r represent the referenced velocity and acceleration, and are defined as follows:
where z andż are defined in (15) and (16) , respectively. The tuning procedures for the control parameters in the SC strategy include the following three steps. 1) Set K cs = 0 and D = 0 indicating that the SC strategy works only with tracking control. Thus, the trial-and-error tuning method adopted in the APD strategy is used to regulate the tracking control parameters K z and Λ, where K z is equal to the differential gain and K z Λ s is equal to the proportional gain. 2) Keep the value of Λ tuned well in the first stage. Then, increase the values of K cs and D and decrease the value of K z to improve the control performance. 3) Regulate finely the values of the three aforementioned parameters K cs , D, and K z , and make tradeoffs. In our experiment, the SC strategy parameters were tuned as follows: K z = diag(0.5, 0.5, 0.5), K cs = diag(7, 7, 7), D = diag(0.05, 0.05, 0.05), and Λ = diag (20, 20, 20) .
D. SOSM-SC Strategy
Finally, the proposed SOSM-SC strategy was also implemented on the 3-DOF CDPR platform. Under the same energyconsumption condition that was used for the APD and SC strategies, which is commonly adopted in robotics [18] ; we utilized the trial-and-error method to tune the control parameters of the SOSM-SC strategy. The control gain matrices were tuned as follows: K c = diag (7, 7, 7) and K v = diag(0.0003, 0.0003, 0.0001). The auxiliary system parameters were designed as follows: a 0 = 400, a 1 = 2, and v 0 = 2000. The selected parameter matrices D and Λ were identical to those used for the SC strategy, to enhance the reliability of the comparison results. The SOSM-SC strategy adopts a switching function to enhance the robustness and requires no extra process with large computation, and the computation efficiencies of the three strategies are similar.
E. Comparison Analysis of Trajectory Tracking Control Results
For the experiments, a continuous multisegment linear trajectory and a circular trajectory (see Fig. 4 ) were designed to evaluate the control performance of the three strategies. The continuous multisegment linear trajectory started from point A Figs. 9-11 , respectively. The input torques of the three motors are shown in Figs. 8 and 12 . The similarity among the three curves indicates that the three control strategies had similar energy consumption. In the local zoom of the motor output, we find that all three control strategies generated smooth outputs. It can be concluded from Figs. 5-7 that the trends of three lines are different from the each other. The difference between the blue and green lines was caused by the introduction of synchronization, and the difference between the red and blue lines was caused by the robustness of the SOSM that can enforce the errors to zero.
To quantify the performance comparison, we computed the root-square-mean errors (RSMEs) of the CTEs and CSEs of the three cables and the X, Y, and Z-axis errors of the mobile platform for the three strategies, as shown in Tables II and III. The statistical results confirm that the SOSM-SC strategy significantly reduced the CTEs and CSEs of the three cables and enhanced the tracking accuracy of the mobile platform, in with the error curves. According to the experimental results, compared with the SC and APD strategies, the SOSM-SC strategy effectively compensated for the model uncertainties without increasing the motor torques. The SOSM-SC strategy caused the error curve to rapidly converge to zero; thus, the tracking accuracy for all the cables and the mobile platform was significantly enhanced. The RSMEs of the X, Y, and Z-axis errors for the SOSM-SC strategy in both trajectories were smaller than 0.3 × 10 −3 m. This performance allows CDPRs to be applied to tasks that require a high tracking accuracy, such as 3D printing. Moreover, the maximum errors in all the error curves for the SOSM-SC strategy were smaller than those for the SC and APD. In addition, the SOSM-SC strategy significantly reduced the influence of the trajectories on its error curves and ensured good performance for different tracking trajectories. The errors for the circular trajectory were smaller than those for the multisegment linear trajectory. This was due to the differences in the maximum speed and acceleration. For the multisegment linear trajectory, the maximum speed and acceleration were almost 2 and 20 times higher, respectively, than those for the circular trajectory.
F. Results of Antidisturbance Experiment
To confirm the robustness of the SOSM-SC strategy, we introduced an external sinusoidal torque disturbance, which can simulate the disturbance of the voltage variation, to each motor in the circular-trajectory tracking experiment. The disturbance torque vector is formulated as T dist = 0.24 sin(0.5πt) sin(0.5πt + 0.5π) sin(0.5πt + π )
T .
(47) The amplitude of the disturbance torque was 0.24 N·m, which was about 40% of the maximum input torque of the motors.
The RSMEs of the circular trajectory with the torque disturbance are presented in Table IV . A comparison between Tables III and IV indicates that the errors increased under the torque disturbance for all three strategies. However, the increment ratio of each error value for the SOSM-SC strategy was significantly smaller than those for the APD and SC strategies. Further, according to Tables III and IV, we calculated the 2-norm of the three RSMEs for the CTEs, CSEs, and X, Y, and Z-axis errors, respectively. The comparison results are presented in Fig. 13 as a histogram, indicating that the SOSM-SC strategy had a better antidisturbance ability and better robustness than the SC and APD strategies.
In the real-world applications, there are many nonGaussian disturbances that do not follow the normal distribution, and considerable research has been conducted in this field [55] , [56] . To verify the performance of the SOSM-SC strategy under non-Gaussian disturbance, in the multilinear trajectory, the platform was subjected to a 1-kg load at point D, and the load was released at point F. The two step changes of the platform inertia in this experiment were sufficient to verify the robustness of the control strategies under such nonGaussian disturbance. The 2-norms of the RSMEs for the three strategies are shown as a histogram in Fig. 14. The SOSM-SC strategy exhibited better performance than the APD and SC strategies with the step change of the moving platform inertia.
VI. CONCLUSION
A novel SOSM-SC strategy was proposed, and the asymptotic stability of CDPRs was proven using the Lyapunov theory. The SOSM-SC strategy employs an SOSM method to enhance the robustness of the SC strategy, which can compensate for the model uncertainties caused by the cable-driven form. Owing to the adoption of general robotic dynamics, the proposed SOSM-SC strategy can be easily applied to other robotic systems, including CDPRs and the traditional rigid-link robots. The trajectory tracking experiments involving the SOSM-SC strategy were conducted using a self-built 3-DOF CDPR platform. Compared with the existing APD and SC strategies, the SOSM-SC strategy significantly reduced the CTE and CSE of all cables, thereby increasing the control accuracy of the mobile platform under similar energy consumption. Additionally, an antidisturbance experiment confirmed that the SOSM-SC strategy had better antidisturbance ability than the two other strategies. The main difficulty of applying this strategy is selecting a proper set of control parameters. In future studies, the SOSM-SC strategy will be extended to the 6-DOF redundantly actuated CDPRs, and a more efficient method for identifying the optimal control parameters will be developed.
